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Cities are investing billions of dollars in climate change adaptation to combat the effects of sea-level rise, temperature extremes, increasingly intense storm events, flooding and water scarcity. Natural ecosystems have enormous potential to contribute to city resilience, and so, actions that rely on this approach could sustain considerable co-benefits for biodiversity. In this paper we identify the prevalence of key themes of human adaptation response that could have biodiversity conservation outcomes in cities. We then quantify the area of impact for actions that identify specific targets for greening or green infrastructure that could involve natural ecosystems, providing an indicator of potential co-benefits to biodiversity.
We then extrapolate to explore the total area of land that could benefit from catchment management approaches, the area of waterways that could benefit from nature-based improvement of these spaces, and finally the number of threatened species that could benefit across these cities. From 80 city climate adaptation plans analysed, we found that urban greening plays a key role in most adaptation strategies, and represents an enormous opportunity for biodiversity conservation, given the diversity of animal and plant species in urban environments. We show that the ranges of at least 270 threatened species overlap with the area covered by just 58 city adaptation plans, including watershed catchments totalling over 28 million km 2 . However, an analysis of 80 city adaptation plans (of a total 151 found globally) shows that this opportunity is being missed. Just 18% of the plans assessed contained specific intentions to promote biodiversity. We highlight this missed opportunity, as climate adaptation actions undertaken by cities represent an enormous incipient opportunity for nature conservation. Finally, we encourage planners and city governments to incorporate biological conservation into climate adaption plans, for the mutual benefit of urban societies and their biodiversity.
| INTRODUCTION
Cities are at the frontline of climate change impacts, and are leading the way in the implementation of adaptation actions (Broto & Bulkeley, 2013; Rosenzweig, Solecki, Hammer, & Mehrotra, 2010) . These often involve large-scale environmental management, which can have negative (e.g., sea walls, vegetation clearance to insulate against wildfire) or positive implications for biodiversity (e.g., catchment afforestation, tree planting, more green space) (Solecki & Marcotullio, 2013) . Biodiversity conservation could be jeopardised by, or benefit enormously from, such actions, and there is therefore an urgent opportunity to identify conflict and synergies between city climate adaptation and nature conservation. Most cities are located on coasts or rivers, making them acutely vulnerable to impacts such as sea-level rise, storm surges and flooding (Rosenzweig et al., 2010; Rosenzweig, Solecki, Hammer, & Mehotra, 2011) . Globally, 414 cities are now directly threatened by sea-level rise under current emissions trajectories, imperilling more than 400 million people (Strauss, Kulp, & Levermann, 2015) . Climate change exacerbates the existing vulnerabilities of urban environments, which are generally drier and warmer than the surrounding landscape (Moriwaki, Watanabe, & Morimoto, 2013) , and often lack protective or buffering vegetation. Impacts on urban environments are expected to have enormous ramifications for humanity, with over half of the world's population now living in cities and urban areas, projected to increase to two-thirds by 2050 (United Nations, 2014) . Such large aggregations of people demand extensive and highly concentrated infrastructure, and because of this spatial concentration even localised climate change impacts can have potentially devastating and costly impacts on both economic and social systems (Hunt & Watkiss, 2011; McGranahan, Balk, & Anderson, 2007) .
Cities contribute greatly to global-scale climate change, through high levels of greenhouse gas emissions, and drive more local-scale changes in temperature and precipitation regimes (Grimm et al., 2008; Kalnay & Cai, 2003) . However, cities also have the economic power and resources to respond quickly and innovatively to threats (Rosenzweig et al., 2010) , and since the turn of the century, following on from the Kyoto Protocol in 1997, and the creation of several international city-based alliances, they have become important players in climate change governance, arguably well ahead of nation states (Betsill & Bulkeley, 2007; Broto & Bulkeley, 2013) .
There are several programmes and consortia that work towards the development and implementation of climate adaptation plans for cities, such as the Urban Climate Change Research Network (http://www.uccm.org/), the World Mayors Council on Climate Change (WMCCC), the C40 Cities Climate Leadership Group, the Asian Cities Climate Resilience Network, the UN Global Environment Facility (GEF) Sustainable Cities Program, and a range of published research articles concerned with the urban governance of climate change (e.g., Bulkeley, 2010; Hunt & Watkiss, 2011) .
Levels of investment in climate change adaptation have increased dramatically in recent years, with New York City alone spending £1.6 billion in 2014/15 (Georgeson, Maslin, Poessinouw, & Howard, 2016) . In cities across the world, 1.7 million adaptation actions are now underway (Cities & Group, 2014) , with many harnessing ecosystem services both within cities and in the surrounding landscape to buffer the impacts of climate change. Many of these actions, such as catchment afforestation, street tree planting, and additional green space provision (Solecki & Marcotullio, 2013) , will not only reduce human exposure to climate hazards (e.g., watershed forests can store runoff and reduce flood risk [Huang, Kang, & Li, 1999] ); and increasing the density of urban trees can reduce ambient air temperatures (Bolund & Hunhammar, 1999) , and increase resilience (e.g., maintaining freshwater provision through the conservation of bofedales/paramos; Martin & Watson, 2016) , but also have the potential to provide considerable benefits for biodiversity conservation. This is especially important given that urbanisation embodies one of the most dramatic forms of land use transformation, often resulting in the permanent and wholesale replacement of natural habitat with built structures, adversely affecting biodiversity (McKinney, 2006; Seto, Fragkias, Guneralp, & Reilly, 2011) .
While many factors influence the spatial location of cities, they often coincide with areas with high levels of native biodiversity (Balmford et al., 2001) , and some contain important ecosystems and habitats for endangered species (Bekessy et al., 2012; Mason, 2000) . For example, 22% of the known occurrences of endangered plants in the USA fall within the 40 largest cities (Schwartz, Jurjavcic, & O'Brien, 2002) . Many cities contain globally threatened birds (Aronson et al., 2014) , and Australian cities support disproportionately more nationally threatened species than non-urban areas (Ives et al., 2016) . Cities and their associated peri-urban areas can therefore provide important opportunities for threatened species conservation, and climate change adaptation planning offers a unique opportunity to integrate proactive planning for biodiversity into urban landscapes. Currently, while climate change action plans address urban and societal climate change issues, there is almost no mention of, or accounting for, how biodiversity fits into, or will be affected by, the adaptation actions. In general, ecosystems are only considered in terms of being identified as vulnerable, or as important for the provision of ecosystem services for human health and wellbeing (Rosenzweig et al., 2011) .
Some of the planned adaptation actions in and around cities are significant in scale and implementation, and may have a greater effect on urban biodiversity than the direct impacts of climate change (Hunt & Watkiss, 2011) . Despite this, the opportunities and threats associated with these effects on biodiversity are poorly understood (Solecki & Marcotullio, 2013) . For example, regeneration of vegetation carried out to improve the local climate of the urban environment could simultaneously provide increased habitat for woodland species (Gill, Handley, Ennos, & Pauleit, 2007) , while protecting urban watersheds (extending action outside the bounds of the city itself) will promote ecosystem intactness, enhance freshwater habitats and help maintain species community composition. Thus, these actions could counter many of the negative effects of increasing urbanisation on biodiversity, including degradation and loss of habitats as cities sprawl or become more dense (Fuller & Gaston, 2009; McKinney, 2002) .
Here we assess the extent to which 80 city climate adaptation plans identify the potential for co-benefits for biodiversity. We then quantify the scale of those potential benefits for catchments, freshwater systems and threatened species, and identify specific types of actions within these plans that could deliver co-benefits.
| MATERIALS AND METHODS
Cities with climate adaptation plans were identified online using Google and the search terms "city climate adaptation plan", "city climate action plan", and "city climate implementation plan", supplemented later by the city names. The initial search, carried out between October 2014 and 2015 (with some updating in 2017), identified 151 cities across 51 countries and six continents with some description of a climate change adaptation plan. Of these, 80 were readily available online and primarily in English, and were assessed in detail ( Figure 1 ; Table 1 ). Although we were able to analyse more than half of all available city plans and in doing so achieved reasonable global representation, there was a clear geographical bias, with less representation from South American and African cities than for the other continents.
| Synthesis of climate adaptation plans
Following the typology laid out by Biagini, Bierbaum, Stults, Dobardzic, and McNeeley (2014) , adaptation actions listed within the plans were grouped into ten categories: physical infrastructure; management and planning; green infrastructure; practice and behaviour; technology; policy; information; capacity building; warning or observing; financing. The actions F I G U R E 1 Eighty cities with adaptation plans assessed (all circles). While there is some inevitable spatial bias (due to the selection criteria), all urbanised continents are represented in the analysis. Increasing depth of colour (pale yellow-dark orange) represents the increasing number of threatened species per city (from 1-5 to 36-40: see key). Grey circles indicate no threatened species data available T A B L E 1 All city plans identified; the 80 readily available online and mainly in English are emphasised in bold were reviewed by three ecologists and those associated with potential biodiversity benefits were identified alongside the specific climate impact that was being addressed. These were then allocated to one of four categories: "threatened species" (actions that make some effort to improve outcomes for threatened species), "catchment area" (actions that improve the environmental quality of watersheds), "greening" (where vegetation is increased or enhanced), and "water" (actions that improve the environmental quality of watersheds and rivers). For every action we also identified whether the plan stated it was designed to conserve or help promote nature, and whether it was designed to help people adapt.
| Quantifying potential biodiversity benefits
For each city we first recorded any actions classified as "greening" that provided a specific measure such as number of trees, or increase in percentage forest cover. We spatially estimated (in ArcGIS) the potential area of impact of these actions if possible (e.g., where a % area of improvement was identified) based on the World Urban Areas layer (available for 75% of selected cities; DeLorme, 2015) . Using the spatial analysis approaches described below, we then quantified the potential benefits to biodiversity if all cities in the spatially identifiable sample were to carry out actions involving "catchment area", "water" and "threatened species" (see Figure S1 for Methods plan).
We estimated the potential scale of these benefits using relevant GIS layers for each typology within ArcGIS overlaid with the World Urban Areas layer (DeLorme, 2015) . The approach undertaken here is designed at a global scale to provide a broad indication of the potential biodiversity outcomes for sampled cities, rather than a specific indication of exactly what might be possible, taking into account limitations that might exist city by city. Furthermore, it must be noted that this analysis does not provide full global coverage of every city, rather it samples a range of cities that have accessible plans.
The methods for the spatial analyses were as follows:
Catchment area: We calculated the total area of the catchments within which the cities that mentioned catchment efforts as actions were located. This calculation was based on the USGS HydroSHEDS world Drainage Basins layer (15 s; USGS, 2013).
Water: We calculated the total area of rivers within city limits based on the River Network (15 s; USGS, 2013).
Threatened species: We calculated the total number of threatened or near threatened species (i.e., species listed under the IUCN Red List as critically endangered, endangered or near threatened) for which the geographic distribution, estimated by Birdlife International and Nature Serve (2014), overlapped with the cities of interest (and as such could benefit from habitat restoration or enhancement). The focal groups included species on the IUCN Red List: mammals, reptiles, amphibians, fresh water fish (IUCN, 2015) , and birds (Birdlife International & NatureServe, 2014).
| RESULTS AND DISCUSSION
"Physical infrastructure" and "Green infrastructure" were the most common types of action across the city adaptation plans reviewed ( Figure 2 ). "Green infrastructure" is typically used to refer only to built elements, such as green walls or green roofs (Biagini et al., 2014 ), but we also included urban greening in this category, which refers to planting trees or other vegetation in the wider urban environment. Urban greening was a commonly listed action, with some mention of vegetation planting or protection of natural areas in 72% of plans (Figure 2 ). Biodiversity was mentioned in 51 of the 80 plans, but actually explicitly discussed in terms of promotion and co-benefits from adaptation actions in only 14 plans (18%). Monitoring and surveying of various biodiversity attributes, from butterfly populations to water quality, appeared in 24 plans (30%). The cities for which we extracted spatial data (58) are situated within a total catchment area of over 28 million km 2 .
Thus, catchment protection actions that contribute to provision or enhancement of habitats within these areas could amount to considerable biodiversity gain. Several city plans focus on watershed protection and water retention. For example, Ho Chi Minh City (Vietnam) plans include reservoir management, the development of a ring dyke, and protection of the riparian zone, with flood prevention as a key aim. Protection of the riparian zone (e.g., Lagos, Nigeria) offers potential benefits for biodiversity in terms of maintaining habitat intactness and species composition. River pollution is also targeted for reduction in the Ho Chi Minh City plan, providing further opportunity for biodiversity benefits. The geographic distributions of 271 threatened species overlap the areas covered by the city climate change adaptation plans analysed. This includes 17 amphibians, 66 mammals, 38 reptiles, and 150 birds, with species designated as critically endangered, endangered or vulnerable. Many more species beyond those that are threatened are also likely to benefit from city adaptation actions. Some cities, such as Copenhagen (Denmark) and Rotterdam (The Netherlands), for example, have plans that include the creation of dispersal corridors for plants and animals. Where tree planting for city greening is part of the city plan, several cities highlighted the importance of using native species and species tolerant of future climate conditions, as well as those more resistant to invasion and pathogens.
| Watershed protection
Watershed protection activities could contribute significantly to biodiversity by reducing polluted runoff, and by improving water flow within these areas. This could amount to significant improvements for a total river length of 5,872 km, and F I G U R E 2 Examples of city climate adaptation action themes. The size of the circle is proportional to the number of actions listed in the 80 city plans analysed, for each of the ten categories, from largest to smallest: physical infrastructure (73 actions); management and planning (62); green infrastructure (57); practice and behaviour (55); technology (52); policy (49); information (45); capacity building (40); warning or observing (22); financing (20) possible occurrence of 91 threatened fresh water fish species within the identified cities. Given that cities are already drier and warmer than the surrounding landscape (Moriwaki et al., 2013) , and urban water demand is high (60% of urban water use is in cities; Grimm et al., 2008) , water management is a focus of many city adaptation plans (e.g., Copenhagen, Rotterdam, Lagos). Water storage can be boosted through the development of underground storage for rainwater, and by increasing the capacity of ditches, canals, waterways and lakes. The replenishment of water supplies is an important aim for cities already dealing with problems caused by water shortages or fluctuations in availability. Fostering the use of rainwater is another way of relieving pressure on urban water supplies.
Extreme weather events such as storms can lead to large amounts of water in a short space of time, which can be damaging to infrastructure and dangerous for a city's inhabitants. "Cloudburst management", whereby sudden extreme amounts of storm water influx can be buffered at the same time as rain water is captured and stored, has the potential to provide improved habitat for biodiversity as related actions can include planting flood-tolerant tree species for storm buffering, increasing sluicing through the construction of rain gardens, and planting linear infiltrating vegetation in street gardens and public areas. In addition, cloudburst management could improve water flow in riverine ecosystems through the use of porous paving, also potentially reducing runoff, and storm barriers and dykes could contribute to reduced pollution in waterways by preventing water influxes into cities.
| Vegetation cover increase
Tree planting, increasing canopy cover and restoring native vegetation were widely listed (82% [66 plans] of cities mentioned greening), and may contribute in a range of ways to biodiversity conservation, both within the city and in catchments where tree planting is also planned. Benefits for biodiversity include improved habitat quality and reduced fragmentation (Barrett et al., 2008; Shanahan, Miller, Possingham, & Fuller, 2011) . The development and installation of green roofs, or green walls, and green infrastructure are frequently cited in city adaptation plans, and may involve rooftop gardens, street trees, communal vegetable gardens, and replacing paving with planting (e.g., Copenhagen). In many cases, the design of these greening initiatives also incorporates efficient water use, and water capture and storage. Neighbourhood T A B L E 2 Actions from selected city climate adaptation plans that focus on "greening" through tree planting and increasing cover. The climate impact addressed, and the overall aim (design) of the adaptation action, varies by city. Targets for tree cover are commonly around 40%, and the numbers of planted trees range from thousands to millions parks can provide water storage during periods of heavy rainfall (e.g., Ho Chi Minh City). These greening activities could benefit biodiversity by supplying new or improved habitat, by improving landscape connectivity, and in some instances by providing the opportunity to establish managed populations of threatened species. Targets for tree cover are commonly around 40%, while targets for the number of planted trees range from several thousand to almost a hundred million (e.g., Bangkok) ( Table 2 ). This could amount to as much as 14 km 2 additional habitat available for species in a small city (e.g., Wellington, New Zealand), and 68 km 2 in a large city (e.g., Jakarta, Indonesia).
If the cities examined here committed to targets of 40% tree cover, this would lead to the re-forestation of 12,917 km 2 , an area one and a half times the size of Yellowstone National Park. If this was applied to all urban areas worldwide, it would amount to re-forestation of approximately 1.4 million km 2 , or nearly half the total area of national parks in the world. An important consideration is that the nature, quality and relevance to biodiversity conservation of tree cover is likely to vary significantly in the impact that it would have on biodiversity in different cities.
| Prospects for biodiversity in cities
Actions planned by cities to adapt to climate change could potentially counter many of the negative effects of increasing urbanisation on biodiversity, including degradation and loss of habitats as cities sprawl outwards or densify within their existing footprints (Fuller & Gaston, 2009; McKinney, 2002) . Explicitly including biodiversity conservation planning in climate change adaptation programmes could also help countries reach their Aichi biodiversity targets, as laid out in the Convention on Biological Diversity (UNEP, 1992) . However, the potential for substantial biodiversity conservation benefits are largely unrecognised at present. Although most city climate change adaptation plans (72%) are committing to green infrastructure goals, few of the plans that we surveyed (18%) contained specific intentions to enhance biodiversity. While some of these goals might also be met within biodiversity action plans, the limited acknowledgement within climate adaptation plans perhaps underestimates the real contribution that this approach could provide for achieving both outcomes. Furthermore, integrated planning across these areas could produce much greater outcomes for both. The opportunities for biodiversity conservation will not automatically flow from the development of green infrastructure without explicit planning. It is critical, therefore, that cities act to ensure that urban greening and catchment management are undertaken in a way that is synergistic with biodiversity conservation goals. One city, Amsterdam, has a specific biodiversity climate adaptation plan that aims to increase and enlarge protected areas to promote resilience to extreme events, and increase connectivity to permit dispersal and migration. Using natural (recruitment and succession) processes to increase landscape heterogeneity will also promote habitat intactness and persistence, improving conditions for threatened species (McKinney, 2002) . This case study demonstrates how the two processes -climate adaptation and biodiversity protection -can align with and complement each other. An additional benefit of this approach is that it avoids the need for physical infrastructure that might be able to achieve a similar effect for climate adaptation, but would likely negatively impact biodiversity. Indeed, "physical infrastructure" was the most common type of action in the city plans investigated here, which could mean, for example, even greater alterations to river flows, construction of sea walls, reduced natural connectivity within cities, changes in water storage and availability, and reduced or changed areas of habitat. While this trade-off might be considered appropriate in some instances, the ancillary benefits of nature should also be considered -protected areas and natural recreation spaces for cities deliver a huge array of positive outcomes for people, including improved health and wellbeing , a greater sense of place (Hausmann, Slotow, Burns, & Di Minin, 2016) , and greater social cohesion (Cox et al., 2017) .
| CONCLUSION
Although most cities are embracing the need for urban greening as a key climate change adaptation strategy, very few have recognised the potential co-benefits for biodiversity conservation. Only 18% of 80 city plans analysed (from a global total of 151), included the specific aim of supporting biodiversity. Indeed, biodiversity conservation is not often considered an urban issue (Lepczyk et al., 2017) . While some city adaptation responses may exacerbate threats to species and ecosystems, for example the construction of sea walls to protect against sea-level rise, the large-scale diversion of water, and planting of non-native forestry species, we argue that adaptation-driven urban development does not need to be bad news for already imperilled species and ecosystems. We show that cities are important for biodiversity and provide habitat for considerable numbers of threatened species, and therefore the adaptation response of the city may be critical.
Conservation planners must engage in the planning of city climate change adaptation strategies to maximise potential biodiversity gains where possible, and minimise the impacts on existing biodiversity where they may occur. For example, careful selection of species and spatial arrangement of greening activities will substantially influence the potential biodiversity outcomes (Hanski et al., 2012; Shanahan et al., 2011) , and including habitat analogues (Lundholm & Richardson, 2010) , and active re-introductions (Carroll, Phillips, Lopez-Gonzalez, & Schumaker, 2006) may also be required to support some target species. Where adaptation actions are likely to have negative impacts on habitats or ecosystems, maintaining existing habitat for rare and endangered species, or minimising damage to ecosystems, should also be prioritised. Improvements to the built environment associated with climate adaptation (those actions that fall under "physical infrastructure") also have the potential to limit the negative effects of urbanisation on biodiversity: applying an ecosystembased adaptation focus could be one effective approach (Brink et al., 2016; Jones, Hole, & Zavaleta, 2012) . Identifying areas of high conservation value that could potentially provide these ecosystem services is another critical role for conservation biologists.
The areas where urban population growth is expected to expand the most (Africa, Asia) are also the areas that were less likely to have climate adaptation plans in place in our analysis (although see caveats around geographical bias), and where biodiversity conservation through the development of these plans could potentially have the greatest impact. For example, in Africa only six plans were available to represent all 55 nations, similar to Asia with eight plans; very few compared with the European nations with 28 adaptation plans and North America with 38 plans. Given that many of the most vulnerable cities to the impacts of climate change are located within these regions (World Bank, 2013) , assistance for these nations to develop and implement adaptation plans is urgently required. The Green Climate Fund (UNFCCC) is ready to support countries, particularly developing countries, in implementing "high-impact, paradigmshifting projects and programmes" to reduce greenhouse emissions, and the creation of climate-compatible cities is one of its investment priorities (Cheikhrouhou, 2016) . This is an extraordinary opportunity for conservation planners to engage in the climate adaptation planning of highly populated, biologically very diverse, developing cities, and to suggest novel strategies that will both support the sustainable development of the cities and maximise the benefit for biodiversity.
